Introduction
In dentistry, the effectiveness of adhesion of resin to a tooth is directly related to several factors like demineralisation of substrate, resin infiltration and polymer setting. 1 This adhesion is vital for the success of long-term resin composites used to restore tooth cavities. 1 Poor adhesion to tooth substrates may produce postoperative hypersensitivity, marginal discoloration and less retention of restoration. [2] [3] [4] The following efforts have been made to increase bond strength to dental tissues: reducing the hydrophilicity of polymer, 5, 6 adding fillers, 7 controlling the enzymatic activity [8] [9] [10] [11] and changing other factors. 1 Attempts to incorporate filler particles into adhesive resin to improve the resin/tooth bond strength were made in several previous studies and commercial products. Colloidal silica, hydroxyapatite, ytterbium trifluoride, tantalum oxide, glass and zirconia are among the filler particles that have been tested. 5, 7, [12] [13] [14] [15] [16] A hybrid layer that is less prone to degradation could be created by incorporating filler in adhesive resin, 17 thereby decreasing the water sorption and increasing the material properties. The reliable bonding of dental materials to tooth substrates depends on the mechanical and chemical features of the polymer. Therefore, improving the material's properties will lead to a more durable restorative treatment. 18 Niobium is a transition metal and has the atomic number 41. This metal is widely used to enhance mechanical properties in the development of metal alloys. 19 Its application in the biomedical area was started recently and is due to the titanium and steel alloys that are used in the biomedical field. 20, 21 Niobium pentoxide (Nb 2 O 5 ) has shown bioactive properties, like hydroxyapatite crystal growth when in contact with human saliva 22 and has been used as an anti-allergic coating in endoprostheses with favourable results. 23 There-
fore, it appears to be an alternative for composite development. However, to the best of our knowledge, there are no reports on the use of niobium pentoxide in resin matrix production for biomedical use. The purpose of this study was to develop an adhesive resin, with niobium pentoxide, and evaluate the properties for using to restore tooth cavities.
Materials and methods
The monomers used in this study were bisphenol A glycol dimethacrylate (BisGMA), triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA), camphorquinone (CQ) and ethyl 4-dimethylaminobenzoate (EDAB) and were provided by Esstech Inc., USA. These materials were used without further processing. 24 After the silanisation process, the particles were stored for 24 h at 37 8C to allow the solvent to evaporate. All components were weighed using an analytical balance (AUW220D, Shimadzu, Japan), mixed and ultrasonicated for 1 h. To perform monomer photo-activation, a light-emitting diode unit (Radii Cal, SDI Ltd., Australia) was used. An irradiation value of 1200 mW/cm 2 was confirmed with a digital power meter (Ophir Optronics, USA). 
Scanning electron microscopy
Scanning electron microscopy (SEM) was used to evaluate the morphology of the Nb 2 O 5 powder using Hitachi (TM3000 model) equipment.
Surface area and particle size
Using a Quantachrome NOVA1000 Autosorb Automated Gas Sorption System (Boynton Beach, FL, USA), the specific surface area of the Nb 2 O 5 powder was determined through the Brunauer-Emmett-Teller (BET) method. Before the analysis, the sample was outgassed for 3 h at 300 8C in vacuum. The particle size distribution was assessed using a laser diffraction particle size analyser (CILAS 1180, Orleans, France). was used to verify the existence of the double bond following the surface treatment.
Evaluation of the silanisation process

Refractive index
The refractive index values of co-monomer blend, before and after polymerisation, were evaluated by spectral ellipsometry. The sample was analysed using an ellipsometer SOPRA GES-5E (SEMILAB-SOPRALAB, Courbevoie, France) adjusted for wavelength range of 0.30-0.75 mm, at u = 688.
25,26
Radiopacity
The radiopacity of model adhesive resins was evaluated according to ISO 4049 27 standards. Five specimens per group (n = 5), 10.0 mm (AE0.5 mm) in diameter and 1.0 mm (AE0.1 mm) in thickness, were produced. X-ray images were obtained with the phosphorous plates Digital System (VistaScan, Dü rr Dental GmbH & Co. KG, BietigheimBissingen, Germany) using an exposure time of 0.4 s and a focus-film distance of 400 mm. The X-ray source (DabiAtlante model Spectro 70X) operated with a tungsten anode at 70 kV and 8 mA. Each of the five films contained one specimen of each of the four experimental groups. An aluminium step-wedge was exposed with the specimens in all images. The aluminium step-wedge thickness ranged from 0.5 mm to 5.0 mm in increments of 0.5 mm. The images were saved in TIFF format for less compressed files. Digital images were handled with Photoshop software (Adobe Systems Incorporated, CA, USA). The mean and standard deviation values of the grey levels (density of pixels) of the aluminium step-wedge, and the specimens were obtained in a standardised area.
2.4.
Degree of conversion
The degree of the conversion and polymerisation kinetics of the dental adhesive resin were evaluated using differential scanning calorimetry (DSC-Q2000, TA Instrument Co., Delaware, USA) with a photo-calorimetric accessory (PCA). PCA emits light from a high-pressure mercury lamp (250-650 nm) with an intensity of 2000 mW/cm 2 . The intensity and wavelength were adjusted to 100 mW/cm 2 and 350-500 nm, respectively. The formulations (approximately 14 mg) were polymerised in open aluminium DSC pans with 6.8-mm diameters. An additional empty aluminium pan was used as the control. The sample was kept at 37 8C for 30 s. Then, the lamp was switched on for 5 m, and the energy (heat flow) was recorded. The analysis was performed with a nitrogen flow of 50 mL/min. Assuming that the value of the heat involved is proportional to the reacted molar amount, the degree of conversion was determined according to Eq. (1):
where
) corresponds to the heat of polymerisation for a total conversion; DH p (kJ mol
À1
) is the heat of polymerisation obtained by the apparent area of the curve that corresponds to the total heat of reaction Q tot (J g À1 ); and Q corresponds to the heat released as partial area under the curve for a time t. The DH p,o found in the literature of a double bond of the methacrylates is À56 J mol À1 .
The rate of polymerisation (Rp) is proportional to the flow of heat released in the isotherm as a function of irradiation time (t). Thus, Rp (mol s
) at any point during the reaction can be derived from the heat flow using the DH p,o of the monomer from Eq. (2):
where dH/dt is the heat flow in J mol À1 s
; M is the concentration of the monomer; and n is the number of double bonds per molecule of monomer.
Knoop microhardness
To determine the Knoop microhardness (KHN), the specimens produced for radiopacity evaluation were used. Five specimens for each experimental adhesive resin were embedded in acrylic resin and polished in a polisher (Model 3v, Arotec, Cotia, SP, Brazil) with a felt disc embedded in aluminium suspension (Alumina 1.0 mm, Arotec, Cotia, SP, Brazil). The specimens were dried and stored at 37 8C for 24 h. The specimens were subjected to a microhardness test in which 5 indentations (50 g/15 s), 100 mm apart, were assessed using a digital microhardness tester (HMV 2, Shimadzu, Tokyo, Japan). The calculation of the hardness value was performed using Eq. (3):
where 14228 is a constant, c is the load in grams and d is the length of the longer diagonal in mm.
Interface characterisation by micro-Raman
Four lower incisor bovine teeth were cleaned of organic debris and stored in distilled water at 4 8C. The labial enamel was removed using a water-cooled, low-speed diamond saw (Low Speed Saw; Buehler, Lake Bluff, IL, USA) to expose the superficial dentine. A smear layer was produced by grinding the flat surface with a 600-grit silicon carbide (SiC) disc under water for 30 s. The bonded specimens were stored in distilled water in a light-proof container at 37 8C for 24 h. Sections (1 mm in thickness) were prepared by sectioning perpendicular to the flat adhesive-dentine surface. Four samples were obtained from each tooth.
Micro-Raman spectroscopy was performed using a SEN-TERRA Raman Microscope (Bruker Optics, Ettlingen, Germany). The samples were analysed using the following micro-Raman parameters: a 100 mW diode laser with 785 nm wavelength and spectral resolution of $3.5 cm À1 . One-dimensional mapping was performed over a 70 mm line across the adhesive-dentine interface at 1 mm intervals using a computerised XYZ stage. These areas covered the composite resin, adhesive layer, hybrid layer, partially demineralised and unaffected dentine and were visualised and focused at 500Â magnification. Accumulation time per spectrum was 5 s with 2 co-additions. Two mappings were performed per sample at random sites. The samples were kept moist throughout the experimental procedure. Post-processing was performed in Opus6.5 (Buker Optics) and consisted of analysis with modelling, which distinguished spectral components of the adhesive and dentine. One correspondent peak of each substance was used for integration. For the hydroxyapatite, 960 cm À1 was used, and for Nb 2 O 5 , 685 cm À1 was used.
Statistical analysis
The normality of data was evaluated using the KolmogorovSmirnov test. Statistical analysis was performed using oneway ANOVA (Nb 2 O 5 concentration) and Tukey's post hoc test at the 0.05 level of significance.
Results
X-ray diffraction of the analysed sample is shown in Fig. 1 The radiodensity values of the dental adhesive resins are presented in Fig. 4 . The values were expressed in millimetres of aluminium. The group with 20 wt% Nb 2 O 5 presented the highest value of radiopacity, whereas the groups with 10 wt% and 5 wt% Nb 2 O 5 showed lower levels of radiopacity than 20 wt% group ( p < 0.05). The control group presents lower levels than both the 10 wt% and 20 wt% groups ( p < 0.05).
All groups showed degrees of conversion that were higher than 55%. The highest value was 64.93% in the group without A representative image from the interface characterisation is shown in Fig. 7 . The presence of niobium can be observed across the hybrid layer, and it is possible to observe the penetration of Nb 2 O 5 at almost the same extension of dentine demineralisation. All groups with filler addition exhibited the same behaviour across the hybrid layer.
Discussion
The incorporation of niobium pentoxide (Nb 2 O 5 ) increased the radiopacity, microhardness and rate of polymerisation of the experimental adhesive resin. The degree of conversion presented values in accordance with the literature, 28 even with the addition of higher amounts of Nb 2 O 5 . The particles of the oxide presented desirable characteristics, such as only one crystalline phase, a small surface area, a mean particle size on the micrometre scale, an effective silanisation process and a penetration into the hybrid layer, even without the incorporation of Nb 2 O 5 at the primer step. These characteristics indicate that Nb 2 O 5 may be a promising filler in dentistry.
Regarding the chemical stability of the filler in the oral environment, the filler contains no detectable impurity and the monoclinic phase appears to be less prone to degradation. 29 In addition, the filler is only present in one crystalline phase, and Raman analysis showed characteristics of pure niobium pentoxide. 30 Many methods have been used to treat the filler particles with a silane-coupling agent; however, there is no consensus regarding the best method of silanisation. 31 In this study, the presence of silane was confirmed on the surfaces of the particles (Fig. 3) , which could indicate a composite less prone to leach filler particles. An adhesive resin with less leaching of particles results in a stable and durable adhesion of restoration to tooth substrate. 32 Restorative dental materials should be radiopaque. In this study, a radiopaque adhesive resin was produced with Nb 2 O 5 filler particles. Although the experimental adhesives did not met the ISO requirements (1 mmAl), groups with 10 and 20 wt% showed higher values of radiopacity than control group ( p < 0.05). The increase in radiopacity of a restorative material improves the diagnosis accuracy of recurrent caries. 33, 34 Furthermore, a large number of false positive diagnoses can be explained by low radiopacity materials used for restorations, 35 leading to erroneous re-intervention because the commonly used radiographic images in dental practice are two-dimensional. The addition of inorganic particles to the polymeric matrix could change its properties, including the degree of conversion and microhardness, considering that the refractive index of substances may decrease the availability of light energy within the polymer. 36 The refractive index increases after polymerisation of the blend and is lower than Nb 2 O 5 refractive index (2.21-2.85). 37 In this study, the addition of the filler particles to the adhesive resin led to increased microhardness of the group with 20% wt of Nb 2 O 5 (4.8% vol) and the values for degree of conversion were in accordance with the literature. 28 Although the increase of microhardness was expected with the increase of filler content was expected, considering the relatively low filler content in the evaluated composite resin (max 4.8% vol), a small increase in microhardness value are showed. This could be explained because the hard particles are pressed into the soft matrix during the indentation and result in plastic deformation of the matrix. 38 However, with the increased filler content, an alteration in the kinetics of reaction was observed, leading to increased conversion rates. The increased kinetics is associated with the increase of viscosity of the reacting system. As filler content increases and viscosity rises, radical mobility is reduced which significantly decreases the probability of bi-radical termination and therefore autoacceleration occurs more quickly and at a higher rate. [39] [40] [41] Transition metals and their oxides are known catalysts. Nb 2 O 5 has been extensively studied as a heterogeneous catalyst in numerous reactions. Nb 2 O 5 has a band gap energy of 3.4 eV, presenting photocatalytic properties. 42 In the present study, the addition of Nb 2 O 5 in the polymeric matrix may have increased the reactivity of the system and reduced the necessary energy to produce free radicals, thereby resulting in an increased polymerisation rate. The role of photocatalytic of Nb 2 O 5 in the used comonomer blend may be confirmed in further studies. Earlier maximum conversion rates could have led to a higher contraction stress of a polymeric material. 43 However, when applied as adhesive resin, this polymeric material could release the contraction stress 44 and is applied as a thin film. 45 Considering the hydrophilic behaviour of dentine, the passage of water into the adhesive layer and composite resin could decrease the in situ polymer network formation and increase the degradation of these polymeric materials. 46 A hydrophobic layer of adhesive resin over the hydrophilic primer increases the bond strength to dentine and decreases the degradation over time. 1 The addition of a filler could result in an adhesive resin that is less prone to degradation and undergoes faster polymerisation reactions. In the present study, the Raman spectra revealed information about niobium pentoxide penetration and mineral content (hydroxyapatite) in the hybrid layer. A band in close proximity to $960 cm À1 was observed in the spectrum of the hybrid layer. This band is associated with v 1 PO 4 of calcium phosphate complexes. 47 A band close to $685 cm À1 was observed in the spectrum of the hybrid layer as well. The relatively higher intensity of doublets at approximately 685 cm À1 (v 2 ) could be due to extensive edge sharing of the octahedra of Nb 2 O 5 30,48 and could be observed at the same extension of absence of hydroxyapatite in the hybrid layer. These results indicate a penetration of filler present in the adhesive resin into hybrid layer, allowing the interaction between Nb 2 O 5 and dentine tissue. Although the mean particle size (38.16 mm) difficult tubules penetration, the presence of inorganic filler into hybrid layer could increase the stability of adhesive interface. In the present study, the incorporation of Nb 2 O 5 promoted desired properties, such as radiopacity, increase of hardness of the composite and the ability to infiltrate thought the hybrid layer. The infiltration of niobium pentoxide into a collagen matrix exposed by acid etching could promote a hybrid layer that is less prone to degradation and has better biological properties. Most commercially available dentine adhesives do not contain a filler; therefore, some amount of monomers could be released from the adhesive layer, leading to cytotoxic effects of adjacent tissues. 49, 50 Increasing the filler content leads to a decrease in the relative amount of resin matrix. Considering the relatively small surface area (3.86 m 2 /g) and relatively large size (38.16 mm) of the used particles, higher amounts of filler could be incorporated. 51 Filler particles may leach from the composite 52 ; therefore, a bioactive filler, such as niobium pentoxide, 22 could promote a more biocompatible adhesive resin. Therefore, niobium pentoxide may be a promising alternative for polymer-based biomaterials. ) of the analysed area (*). (c) Graph representing the integration of the corresponding niobium pentoxide peak (638 cm S1 ) of the analysed area (*).
